Semiconductor microcavity lasers with directional emission are important for real applications. Different from the whispering-gallery modes (WGMs) in microdisk, the confined WGMs in triangle and square micro-resonators connected with an output waveguide can still have high Q-factors in some cases. Room temperature continue-wave electrically injected InGaAsP/InP equilateral-triangle-resonator lasers with the side length 10 to 30 μm are fabricated by standard photolithography, inductively coupled plasma (ICP) etching technique combined with wet chemical etching process. The lasers characteristics are measured and analyzed over temperature range 80-300 K. The influences of the output waveguide on the mode Q-factor and the output coupling efficiency for square micro-resonators are numerically simulated by the finite-difference time-domain (FDTD) techniques. In addition, mode coupling between the WGMs and vertical radiation modes in the cladding layer are investigated by 3D FDTD technique for microcavities with vertical semiconductor confinement.
Introduction
Directional emission microcavity lasers fabricated by planar technology will be a good candidate of light sources in photonic integrated circuits. This article reports our works in the investigation and fabrication of directional emission microlasers. Firstly, equilateral-triangle-resonator (ETR) microlasers connected an output waveguide in one of the vertices of the ETR are fabricated and analyzed. [1] [2] [3] The threshold current versus temperature are measured over temperature range 80-300 K for an ETR microlaser with the side length of 10 μm. Secondly, we investigate the output coupling efficiency for square microcavity lasers by coupling an output waveguide in the midpoint of one side of the square by FDTD simulation. [4] [5] [6] The mode Q-factor and output coupling efficiency are numerically simulated for directional emission square microlasers. Finally, the vertical radiation loss is numerically simulated for microcylinder, ETR, and square microcavity with vertical optical confinement of semiconductors by three-dimensional (3D) FDTD technique. 7, 8) The results show that the Q-factors of TM WGMs are much larger than those of TE WGMs in 3D semiconductor microcavities.
Output Characteristics of Equilateral-Triangle-Resonator Microlasers
The InGaAsP/InP ETR lasers with a 2-μm wide output waveguide connected to one of the vertices of the ETR were fabricated using standard photolithography and inductively-coupled-plasma etching techniques.
3) The output characteristics of an ETR laser with the side length of 10 μm are presented in this section. Fig. 1 shows the measured threshold current I th versus temperature T for the ETR laser. The threshold current varies little from 100 to 200 K, but increases greatly as T > 200 K. By measuring the output power at the threshold, we can evaluate the radiative recombination current and the nonradiative current, such as Auger recombination current versus temperature. 9) We find that the Auger recombination current exceeds the radiative recombination current as T > 200 K. The ETR with a 2 µm output waveguide results in low Q confined modes and high threshold gain, and a large Auger recombination current at low temperature. The results show that reducing threshold gain is important to obtain the ETR lasers with low threshold current and high output power.
In 
where I th 0 and η 0 are threshold current and external quantum efficiency at the circumstance temperature, T 0 and T 1 are characteristics temperature of the threshold current and the external quantum efficiency, I and V are injection current and applied voltage, R th is the heat resistance of the laser, and △T is the rise of temperature under the applied electric power P in = IV, I th and η are threshold current and external quantum efficiency under the temperature rise of △T. From the measured threshold current and output efficiency versus temperature, we got T 0 = 25 K and T 1 =120 K at room temperature. Based on the characteristics temperatures, parameters η 0 = 0.015 W/A, I th 0 = 19.2 mA, and R th = 0.177 K/mW are obtained by fitting the measured output power versus injection current as open circles in Fig. 2 . Two dimensional FDTD simulation shows that the mode Q-factor is less than 2000 for the 10-µm-side ETR with a 2-µm-wide output waveguide connected to one of the vertices of the ETR. Low threshold ETR Lasers can be expected using a narrow output waveguide. Fig. 3 shows the laser spectra of the 10-µm-side ETR laser with the injection current of 20 and 30 mA at room temperature. The distinct peaks are observed with the interval of the peaks to be 31.8 and 35.9 nm at the wavelength of 1400 and 1502 nm, which can be fitted by longitudinal mode interval by taking the mode group index of 4.10 and 4.18 at 1400 and 1502 nm. Each peak consists of multiple transverse modes and the fundamental transverse mode is not in the peak position, due to the higher order transverse modes may have high output coupling efficiency.
Analysis of Output Coupling Efficiency for Square Microcavities
In the 2D square microcavities, we mark the transverse magnetic (TM)-like modes as TM p,q , 4) where the mode numbers p and q denote the numbers of wave nodes in the x and y directions, respectively. The high Q-factor modes in the microsquare are whispering-gallery (WG)-like modes with pq is a multiple of 2, which have anti-symmetric electric field about the diagonal mirror plane of the square. 4) In this section, we consider the TM WG-like modes in a 2-D square resonator with a side length 4 μm and refractive index 3.2. Similar to the ETR lasers, we design direction emission square microlasers by connecting an output waveguide with width d to the midpoint of one side of the square resonator. In Fig. 4 , the mode Q-factors obtained by FDTD simulation are plotted as the functions of the width of the output waveguide for TM 10, 12 , TM 9,13 , TM 11, 13 and TM 10,14 modes, with mode frequencies of 190. 4, 192.2, 206.8, and 208 .5THz, respectively. The Q factors of the fundamental modes TM 10, 12 and TM 11,13 decrease dramatically with the increase of d, but those of first-order modes TM 9,13 and TM 10,14 decrease slowly. When d is larger than 0.3 μm, the Q-factors of the first-order modes are almost ten times as large as those of the fundamental modes. In addition, TM 10, 12 and TM 10, 14 are symmetry to the midline of the square resonator and can couple into the output waveguide as it only support the fundamental guided modes. But TM 11, 13 and TM 9,13 are anti-symmetry to the midline of the square resonator, and can couple into the output waveguide as it can support the first order guided mode. So the Q-factors of TM 11, 13 and TM 9,13 decrease slowly as d is less than 0.2 μm. Taking an narrow-spectrum exciting source to stimulate the first-order mode TM 10,14 , we obtain and plot the mode field distribution of TM 10, 14 in Fig.5 (a) and (b) at the output waveguide width d = 0.4 and 0.7μm, respectively, where the electric field at x ≥ 2.3μm is magnified 5 times. The results show that the symmetrical first-order mode can be effectively guided by the output waveguide. Furthermore, the output coupling efficiency, defined as the ratio of the integration of the Poynting vector over the cross section of the output waveguide to the total emitted energy flux, is calculated and plotted in Fig.6 for TM 9,13 and TM 10, 14 . The results show that the output coupling efficiency is larger than 50% for TM 10,14 as d > 0.2 μm. And the output coupling efficiency increases quickly as d > 0.2 μm for TM 9,13 mode because it can only coupled into the anti-symmetric guided modes in the output waveguide. The square micro-lasers can have both good mode selectivity and highly directional emission by connecting the output waveguide at the midpoint.
Vertical Radiation Loss for 3D Microcavities with Vertical Optical Confinement of Semiconductors
In this section, we investigate the mode characteristics for WGMs in 3D cylinder, 7) square, 8) and triangle microcavities with vertical optical confinement of semiconductors by 3D FDTD simulation. Microdisk lasers with radius in size of micrometer are usually supported by a pedestal to form strong vertical confinement.
11) However, the microdisk on a post prevents the heat dissipation and the current injection efficiency. Microcavities with the vertical confinement of semiconductor materials will have better thermal conductivity and current injection efficiency than the microdisk on a post, but with a low refractive index contrast for the vertical confinement of light. High efficiency microcavity lasers can be fabricated if high Q-factor WGMs still exist in such microcavities. The refractive indices of center and cladding layers are n 1 and n 2 , and the thickness of the center layer is b. A 3D microcylinder as shown Fig. 7 with the vertical refractive index distribution of 3.17/3.4/3.17 and the center layer thickness b = 0.2 μm are simulated by 3D FDTD technique. In the microcylinder with symmetry vertical waveguide, TE-like and TM-like WGMs have symmetric electromagnetic field components (H z , E r , E Φ ) and (E z , H r , H Φ ), respectively, relative to the middle plane at z = 0. (E z , E r , E Φ ) and (H z , H r , H Φ ) are electric and magnetic field components in the 3D cylindrical coordinate system. So we can simulate the TE-like and TM-like WGMs separately using exciting sources with different symmetries. The intensity spectra obtained by 3D FDTD and Padé approximation for a microcylinder with the radius R = 1 μm are plotted in Fig. 8 with azimuthal mode number m = 7. The Q-factors of TM 7,1 and TE 7,1 WGMs are 2.5×10 4 and 9.4×10 2 at the wavelength of 2.040 and 1.845 μm, respectively. The minor peaks at the wavelengths of 2.025 and 1.827 μm can be attributed to the vertical radiation modes HE 7,1 and EH 7,1 in the cladding layer with vertical propagation constant β ≈ 0, i.e., the cut-off wavelength of the radiation modes. The WGMs can couple with the radiation modes if their wavelength is smaller than the cut-off wavelength of the radiation modes. The results show that the mode wavelength of transverse magnetic (TM)-like WGM is larger than the cut-off wavelength of the vertical radiation mode with the same mode indices, so the TM-like WGM do not couple with the corresponding vertical radiation mode and can have high Q factor. In contrast, TE WGMs can couple with the corresponding vertical radiation mode in the 3D microcavities. Furthermore, we find that the Q-factors of TE WGMs around wavelength 1550 nm are smaller than 10 3 as the radius R < 4 μm and reach 10 4 and 10 6 as R = 5 and 6 μm, respectively. Because the mode wavelength of the TE WGM approaches the cutoff wavelength of the corresponding radiation modes around R = 5 μm. The results show that a critical lateral size is required for obtaining high Q-factor TE WGMs in 3D microcavities.
The WG-like modes can couple with the vertical radiation modes with the same symmetry in 3D square microcavities 8) , instead of the mode with the same mode index in the microcylinder. The break of the symmetries in the equilateral-triangular and square lead to some changes in the mode characteristics. The mode field distributions in equilateral-triangular and square microcavities have many angular components, so the TM-like WGMs can couple with the vertical radiation modes of lower mode number but with the same angular components. However, through the simulation, we find that the Q-factors of TM-like modes still larger than those of TE-like modes.
12)

Conclusions
In conclusion, room temperature continue-wave electrically injected InGaAsP/InP equilateral-triangle-resonator lasers with the side length 10 to 30 μm are fabricated by standard photolithography and inductively coupled plasma etching technique. Directional emission square microcavity lasers are designed with an output waveguide connected to the midpoint of one side of the square. The mode Q-factors and output coupling efficiency are numerically analyzed for the square microcavities with an output waveguide. In addition to the directional emission, we find that the output waveguide results in further mode selection. Furthermore, we show that TM WGMs in microcavity with vertical optical confinement of semiconductors can have larger Q-factor than TE WGMs by 3D FDTD simulation.
